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Abstract 

The mitogen -activated protein kinase kinases (the MAPK/ERK kinases; MKKs or MEKs) and their downstream 
substrates, the extracellular-regulated kinases have been intensively studied for their roles in development and 
disease. Until recently, it had been assumed any mutation affecting their function would have lethal consequences. 
However, the identification of MEK/ and MEK.2 mutations in developmental syndromes as well as chemotherapy- 
resistant tumors, and the discovery of genomic variants in MEKI and MEK2 have led to the realization the extent 
of genomic variation associated with MEKs is much greater than had been appreciated. In this review, we will discuss 
these recent advances, relating them to what is currently understood about the structure and function of MEKs, 
and describe how they change our understanding of the role of MEKs in development and disease. 
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INTRODUCTION 

The mitogen-activated protein kinase kinases (the 
MAPK/ERK kinases; MKKs or MEKs) and then- 
downstream substrates, the extracellular signal-regu- 
lated kinases (ERKs, also known as mitogen-acti- 
vated protein kinase or MAPK) are involved in 
diverse biologic processes. These multipurpose kin- 
ases have been reported to have an essential role in 
fundamental cellular activities, including cell survival, 
proliferation, motility and differentiation. They are 
critical for angiogenesis [1] and immune response [2] 
and play important roles in development [3], where 
they are involved in meiosis [4], gastrulation [5], cell 
fate determination [6—10], organogenesis and limb 
patterning [11]. They are frequent targets of bacterial 
pathogens, including Bacillus cmthracis (anthrax; [12]), 
Yersinia pestis (plague; [13]) and Shigella (Shigellosis; 
[14]). Due to these studies, it was previously assumed 
that germline mutations in MEKs or ERKs would be 



lethal. However, the startling observations of 
Rodriguez- Viciana etal. [15] that germline mutations 
in MEKs are associated with cardio-facio-cutaneous 
(CFC) syndrome abruptly changed that paradigm 
[1 6] . Since then, new findings have led to the grow- 
ing awareness that the extent of genomic variation 
associated with MEKs is much greater than had been 
appreciated. In this review, we will discuss these 
recent advances, relating them to what is currently 
understood about the structure and function of 
MEKs, and describe how they change our under- 
standing of the role of MEKs in development and 
disease. 

MEK STRUCTURE AND FUNCTION 

A genomic approach to biology is only meaningful 
when interpreted in a physiologic, functional con- 
text. Fortunately, we know a lot about the structure 
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and function of both MEKs (reviewed by [17]). 
MEK1 and MEK2 are dual specificity kinases that 
phosphorylate ERK1/2 at residues T202/185 and 
Y204/187 (reviewed by [18]). The functional 
domains of human MEK1 and MEK2 are dia- 
grammed in Figure 1. Both MEK1 and MEK2 
contain a central catalytic domain flanked on either 
side by short amino-terminal and carboxy-terminal 
regions and containing a proline-rich insert. 
These kinases are highly homologous, sharing 80% 
overall similarity, with 90% amino acid identity in 
their kinase domains. However, their sequences di- 
verge in the flanking regions and the proline-rich 
insert. Each of these regions incorporates specific 
elements that distinguish these kinases, influencing 
interactions with other proteins and modifying 
kinase activity. 

The amino-terminal flanking regions of MEK1 
and MEK2 (amino acids 1—67 and 1—71, respect- 
ively; Figure 1) share 58% of the sequence identity. 
However, their sequences are less similar in the first 
32 or 36 residues (MEK1 or MEK2, respectively) 
than they are in the remaining 28 or 24 residues 
(22% homology vs. 82%). This is notable because 
this least similar region mediates interaction with 
their ERK substrates. The ERK docking site or 
D-domain encompasses a short stretch of basic and 
hydrophobic amino acids located within the first 



10 residues [19]. The positively charged D-domain 
is essential for MEK binding to a complementary 
acidic common docking domain in the carboxy- 
termini of ERK1 and ERK2 [20, 21]. Deletion of 
the D-domain or mutation of either hydrophobic or 
basic residues reduced ERK phosphorylation [22, 
23]. Similarly, proteolysis of the D-domain by an- 
thrax lethal factor, the principle virulence factor 
secreted by B. anthracis, inhibits MEK association 
with and activation of ERK [12, 24, 25]. Genomic 
variants within this region may alter MEKsubstrate 
interaction. 

Between the D-domain and the catalytic core lies 
a nuclear export sequence (NES; amino acids 33—44 
and 37-48; Figure 1). The NES is critical for MEK 
function and subcellular localization. MEKs normally 
reside in the cytoplasm. However, lysine to alanine 
substitution in the NES alters MEK steady-state cel- 
lular distribution to the cytoplasm and nucleus. This 
suggests MEKs translocate to the nucleus upon acti- 
vation and then are rapidly exported to the cyto- 
plasm in an NES-dependent manner [26, 27]. 
Genomic variants within this region may influence 
MEK subcellular localization. 

Immediately following the NES lies a negative 
regulatory region (NRR; Figure 1). Deletion of resi- 
dues 44-51 of MEK1 or 48-55 of MEK2 causes a 
60- or 9-fold elevation in basal kinase activity, 
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Figure I: A linear model of MEK I and MEK 2 showing locations of identified functional regions and mutations. 
Linear models of MEK I and MEK 2 are used to indicate the locations of functional domains in both kinases. Above 
each is a scale with hash marks at the locations of predicted phosphorylation sites (red), experimentally identified 
phosphorylation sites (red hash with oval), syndrome-associated mutations (purple), somatic cancer mutations 
(green), and SNPs (blue). Numbers indicate amino acid position starting from the first Met residue. 
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respectively [28]. These residues repress MEK activ- 
ity by forcing an inactive conformation that disrupts 
the ATP-binding site [29]. Genomic variants within 
this region may alter MEK catalytic activity. 

The proline-rich domain is located within the 
carboxy-terminal portion of the central conserved 
catalytic domain (amino acids 262—307 in MEK1 
and 266—315 in MEK2; Figure 1) and is believed 
to mediate specific protein— protein interactions im- 
portant for the regulation of the MEKs [30—32]. 
Residues at the end of this segment have been 
reported to mediate binding with the bacterial viru- 
lence factors B. anthracis LF [24] and Y. pestis YopJ 
[33]. The proline-rich domains of MEK1 and 
MEK2 show 60% homology. Genomic variants 
within this region may influence MEK activity 
through altered protein complex formation. 

The structure of the catalytic kinase core is 
broadly similar to that of other kinases and may be 
divided into a small amino-terminal lobe and a larger 
carboxy terminal lobe (Figure 1). Located at the 
interface between these lobes are conserved regions 
playing important roles in ATP binding and hydroly- 
sis, substrate recognition and phosphate transfer 
(reviewed by [17]). Genomic variants within any of 
these regions may decrease the catalytic activity of 
MEK. Critical sites of this catalytic core include the 
gly cine-rich P-loop (amino acids 74—82 of MEK1 or 
78-86 of MEK2), the Mg 2+ -positioning loop 
(amino acids 208-210 of MEK1 or 212-214 
of MEK2), the ATP-binding site (amino acids 
143-146 of MEK1 or 147-150 of MEK2), and the 
catalytic loop (amino acids 192—195 of MEK1 or 
196-199 of MEK2). 

The carboxy-terminal regions of MEK1 (amino 
acids 362-393) and MEK2 (amino acids 370-400) 
share 69% homology. Little is known of the function 
of this domain. However, Brunet etal. [34] reported 
that ERK phosphorylation of MEK1 at T386 is a 
component of a negative feedback loop regulating 
MEK1 inactivation. 

Additional insight into MEK structure and func- 
tion comes from phosphorylation studies. Major 
phosphorylation sites at S218 and S220 of MEK1 
or S222 and S226 of MEK2 are located within the 
activation segment (amino acids 208—233 of MEK1 
or 212—237 of MEK2; Figure 1, red hash marks with 
ovals). Phosphorylation at these sites causes a 
re-alignment of the loop that coordinates Mg + - 
positioning that is essential for ATP-binding and 
catalysis. Paradoxically, Gopalbhai et al. [35] has 



reported phosphorylation at S212 in the activation 
loop reduces MEK1 activity. These reports 
indicate genomic variants within the activation 
loop may enhance or suppress the catalytic activity 
of MEK. 

Phosphorylation outside the activation segment 
also influences MEK activity. PAK1 -mediated phos- 
phorylation of S298 in the proline-rich region is 
reported to induce MEK1 autophosphorylation at 
S218 and S222 [36, 37]. Elsewhere within the pro- 
line-rich domain MEK1 but not MEK2 has been 
reported to be phosphorylated on T286 and T292 
and inactivated by cdc2 [38]. In addition, Eblen etal. 
[39] have shown that ERK2-mediated phosphoryl- 
ation of MEK1 at T292 blocks PAK-dependent 
phosphorylation of S298. ERK-mediated phosphor- 
ylation of T292 has also been reported by Brunet 
et al. [34]. In a recent study, Catalanotti et al. [40] 
reported alanine substitution on MEK1 at T292 
enhanced both MEK1 and MEK2 activation and 
ERK phosphorylation. Conversely, mutation of the 
same residue to aspartic acid dampened MEK1 and 
MEK2 activation and ERK phosphorylation. How 
this occurs is not known but the ability of MEK1 to 
modulate MEK2 activity may be related to the 
ability of these two kinases to form heterodimers 
because an N87G mutation in MEK1 blocks forma- 
tion of heterodimers and prolongs growth factor sti- 
mulated activation of MEK2. These studies indicate 
genomic variants within the proline-rich region may 
enhance or suppress the MEK activity. Other 
phosphorylation sites have been identified in 
kinomic studies [41—44] but the physiologic role of 
these is unknown (Figure 1, red hash marks lacking 
ovals) . 



MUTATIONAL ANALYSIS OF MEK 
IN DEVELOPMENT AND DISEASE 

Initial insight into the central role of MEK in cell 
proliferation and tumorigenesis has come from the 
in vitro analysis of engineered mutations to MEK. As 
mentioned earlier, deletion of residues 44—51 of 
MEK1 or 48-55 of MEK2 causes a 60- or 9-fold 
elevation in basal kinase activity, respectively [28]. 
Site-directed mutagenesis switching serine phos- 
phorylation targets in the activation segment to 
either aspartate or glutamate mimics phosphorylation 
by introduction of negatively charged side-chains 
and elevates MEK1 activity 300-fold above basal 
levels. This effect is doubled when the NRR is 
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also deleted [28]. Constitutively active MEK1 mu- 
tants have been shown to enhance cell proliferation 
and differentiation, and to promote transformation of 
NIH3T3 cells, as evidenced by foci formation, 
growth in soft agar, and growth of tumors in nude 
mice [28, 45, 46]. Conversely, dominant negative 
MEK1 mutants prevent fibroblast proliferation [47], 
and can revert mos-, raf-, ras- and src-transformed 
3T3 cells [46, 48]. 

Due to structural similarity, MEK1 and MEK2 are 
thought to be functionally redundant. However, 
genetic dissection of MEK1 and MEK2 using 
mouse models has suggested nonoveiiapping func- 
tions. MEK1 null mice are embryonic lethal at El 0.5 
with placental vascularization defects [49], whereas 
MEK2 knockout mice are viable and fertile with 
no evidence of growth defects or anatomical 
alterations [50]. These models indicate that MEK1 
can compensate for MEK2, but not vice versa. 
Interestingly, MEK1/2 double knockout in both 
murine and human epidermis result in epithelial 
hypoproliferation and inhibition of Raf-induced 
hyperproliferation, while neither MEK1 nor 
MEK2 knockout alone has any effect on epidermal 
development [51], suggesting that MEK1 and MEK2 
are functionally redundant in the epidermis and 
that neither alone is sufficient for epidermal 
development. 

Transgenic mouse models utilizing constitutively 
active or dominant negative MEK have also been very 
useful in delineating the roles of MEKs in develop- 
ment and disease. Multiple groups have shown that 
epidermal-specific expression of wild-type [52] 
or constitutively active MEK1 [53, 54] results in 
epidermal hyperproliferation, suppression of 
epidermal differentiation, and papilloma formation. 
Interestingly, overexpression of a kinase dead MEK1 
mutant in the epidermis also had the ability to induce 
epidermal hyperplasia, indicating that MEK1 kinase 
activity is not necessary to increase epidermal prolif- 
eration [52]. Furthermore, MEK2 was unable to alter 
the proliferation and differentiation profile of epider- 
mal cells in this mouse model [52] . This supports the 
hypothesis that MEK1 and MEK2 have nonover- 
lapping functions. 

Other models that indicate the proliferative activ- 
ity of MEK1 in vivo include cardiac- and chondro- 
cyte-specific expression of a constitutively active 
MEK1 mutant, which resulted in cardiac hypertrophy 
and inhibition of chondrocyte differentiation, re- 
spectively [55, 56]. 



MEK-ASSOCIATED MUTATIONS IN 
DISEASE 

CFC and related syndromes 

CFC syndrome is a rare, autosomal and presumably 
dominant syndrome characterized by distinctive 
facial features, cardiac anomalies, hair and skin 
abnormalities, postnatal growth deficiency and 
hypotonia [57]. In landmark publications, Rodri- 
guez- Viciana et al. [15] and Niihori et at, [58] 
showed that genetic mutations in genes participating 
with MEK signaling, including KRAS, BRAF, 
MEK1 and MEK2 are associated with CFC syn- 
drome. Rodriguez- Viciana's group screened a 
panel of blood samples from CFC patients for germ- 
line mutations in this pathway and found 1 1 different 
missense mutations in BRAF (9 of which had not 
been previously identified) in 18/23 patients. Like- 
wise, Niihori's group screened for mutations in 
43 samples and found germline KRAS and BRAF 
mutations in 3 and 19 patients, respectively. No mu- 
tations were detected in the remaining 24 patient 
samples. Rodriguez- Viciana's group also found that 
three of their remaining five patients harbored novel 
mutations in MEK1 (F53S, Y130C) and MEK2 
(F57C) (Figure 1, purple hash marks). This is par- 
ticularly noteworthy because it was the first identi- 
fied instance of naturally occurring mutations in 
these genes. Their observations also offer interesting 
insight into the biochemistry of MEK 1 and MEK2 
because none of these residues had previously 
been demonstrated to influence MEK biologic 
activities. 

Since these initial reports, additional mutations in 
MEK1 and MEK2 resulting in increased kinase activ- 
ity have been identified in 20-25% of CFC [59-63] 
(Figure 1, purple hash marks). CFC MEK mutations 
occur in two main clusters. The first cluster lies in 
and around the MEK NRR. In addition, two dif- 
ferent deletions in the same area are documented in 
MEK2 in patients suffering from CFC. The most 
frequently documented mutation lies in the second 
cluster in the kinase domain encoding an amino acid 
change residue 130 from tyrosine to histidine, cyto- 
sine or asparagine [59, 60, 63—66]. The correspond- 
ing Y137H mutation was also found in MEK2 [62]. 
Hao etal. [33] have reported that the Y130H muta- 
tion constitutively activates MEK1. Along with 
amino acid 130, MEK1 mutations have been 
published at residues 128 and 124 and the corres- 
ponding residues 128 and 132 in MEK2. In MEK2, 
a third mutation has also been characterized in the 
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proline-rich domain, causing a lysine to arginine 
switch at residue 273. 

Although not all mutations have been examined, 
MEK1 and MEK2 mutations appear to result in a 
moderate increase of MEK activity [15, 60], but 
CFC mutant MEK kinase activity is not as robust 
as constitutively active MEK [15]. These assays 
were performed in the presence of BRAF. In fact, 
with the exception of F57C, BRAF phosphorylation 
is required for CFC MEK activation [67] . And while 
most of the MEK mutations identified cause consti- 
tutive activation of the MEK pathway, one mutation 
in an upstream activator (G596V BRAF) was defi- 
cient in its ability to activate MEK [15]. This seems 
paradoxical because it suggests that a similar pheno- 
type may be caused by both activating and inactivat- 
ing MEK signaling. A similar situation exists for 
the related autosomal dominant Noonan and 
LEOPARD syndromes, which are caused by gain- 
of-function mutations and inactivating mutations in 
the protein tyrosine phosphatase PTP11 (SHP2), 
leading to constitutive [68, 69] or impaired ERK 
activation [70], respectively. If the developmental 
processes underlying these syndromes require a tran- 
sient activation of ERK, then the dampened or 
sustained elevation of ERK activity may be sufficient 
to disrupt it. Alternatively, loss of ERK signaling may 
trigger activation of a compensatory mechanism, 
such as an alternative RAF signaling pathway that 
mimics sustained activation of this pathway and 
elicits a similar phenotypic result. 

Cancer 

Approximately one-third of all cancer cases have 
aberrant MAPK pathway signaling [71, 72], making 
the members of this pathway attractive targets for 
therapy. RAS mutants are frequent in human 
cancer, with ~20— 25% of all tumors containing acti- 
vating mutations in a RAS gene [73, 74]. Mutations 
in BRAF occur at a high frequency in a variety of 
tumor types, predominantly melanomas (50—70%), 
thyroid (30—50%), ovarian (30%) and colorectal 
cancer (CRC) (5—20%) [75, 76]. The predominant 
BRAF mutation is V600E, accounting for more than 
90% of BRAF mutations identified [76]. The high 
frequency of BRAF mutations in human cancer has 
led to an intense focus on the development of thera- 
peutic strategies to target BRAF. Although current 
strategies utilizing selective targeting of BRAF 
V600E have shown encouraging results in the 
clinic, therapeutic resistance is a continuing issue 



with response to this therapy. Although MEK mu- 
tations are rare in human cancer, MEK inhibitors 
have been developed as a therapeutic strategy to 
combat BRAF inhibitor resistance by targeting 
downstream effectors. To date, these MEK inhibitors 
have shown poor efficacy and activity in the clinic. 
However, with the emergence of resistance to 
BRAF therapy, and a higher than previously thought 
frequency of somatic MEK mutations (Figure 1, 
green hash marks; discussed below), these inhibitors 
are finding renewed clinical use. 

Melanoma 

More than 80% of the melanomas harbor either a 
NRAS or BRAF mutation, resulting in uncontrolled 
MAPK pathway activation in this cancer type. The 
BRAF V600E activating mutation accounts for the 
majority of BRAF mutations in melanoma. 
Interestingly, MEK mutations have been identified 
in melanomas exhibiting resistance to BRAF inhibi- 
tors, suggesting a possible mechanism for acquired 
resistance (discussed in more detail in the next sec- 
tion). Somatic mutations in MEK have not been 
investigated until recently, however. Analysis of mel- 
anoma tumor samples identified a low incidence of 
MEK1 mutations (3-8%) [77, 78]. The first identified 
melanoma-associated MEK1 mutation, K57N 
(Figure 1, green hash mark), had been previously 
reported in a lung adenocarcinoma and shown to 
be constitutively active (discussed in more detail 
below) [79]. This mutation is located between the 
nuclear export signal and catalytic domain of MEK1 
[77]. Exome sequencing has since identified add- 
itional MEK1 and MEK2 somatic mutations in mel- 
anoma [78]. Of 127 melanoma samples analyzed, 
MEK1 mutations were identified in 7, while only 
one sample had a MEK2 mutation. Identified 
MEK1 mutations included P124S (in four samples), 
E203K (in one sample), F53L (in one sample) and 
N382H (in one sample), while the lone MEK2 mu- 
tation was S154F (Figure 1, green hash marks). It is 
interesting to note that these mutated residues over- 
lap with those implicated in CFC [15]. Surprisingly, 
these somatic MEK mutations did not correlate with 
BRAF or NRAS mutation status, suggesting the 
requirement of additional modulation of the 
MAPK pathway, possibly in response to therapeutic 
resistance mechanisms. 

Furthermore, analysis of melanoma metastases 
identified MEK mutations in samples that harbored 
BRAF mutations other than V600E (E203K and 
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E207K for MEKI and MEK2, respectively). 
Functional analysis indicated that E203K, P124S 
and F53L were constitutively active mutations for 
MEKI [78]. 

Non-small cell lung cancer 

Approximately 30% of the non-small cell lung 
cancer (NSCLC) cases have KRAS mutations, 
whereas only 1—3% harbor BRAF mutations [80]. 
Furthermore, BRAF mutations predominantly 
occur in adenocarcinomas, and are typically not 
V600E. Initial analysis of human lung cancer cell 
lines identified only one mutation, in MEK2, 
which led to an amino acid change (P298L; 
Figure 1, green hash mark) [81], suggesting MEK 
mutations in lung cancer are a rare event. 
Mutational analysis of primary NSCLC tumors iden- 
tified a novel MEKI somatic mutation (in 2 of 207 
samples), K57N (Figure 1, green hash mark) [79]. 
This mutation, located in a nonkinase region of 
MEKI, was shown to confer constitutive activation 
of the downstream effector ERK1/2 [79]. 

An additional cohort of 280 NSCLC patients also 
identified K57N in one of the samples [82]. This 
MEKI mutation was found to be exclusive of mu- 
tations of other components of the MAPK signaling 
pathway within both cohorts [79, 82]. 

Colorectal cancer 

In CRC, RAS is mutated in ~36% of cases, while 
BRAF mutations can be found in 9—11% of CRC 
[83]. A screen of 93 tumor samples and 22 cell lines 
identified a low rate of MEKI (1%) and MEK2 (2%) 
somatic mutations [84]. As seen for somatic muta- 
tions in melanoma, the mutations identified in these 
CRC samples (R201H, E203K, Y134C, for MEKI; 
R388Q for MEK2) also lie in the same region of the 
protein as CFC germline mutations (Figure 1, com- 
pare purple hash marks to green hash marks). A sep- 
arate mutational analysis also identified a low rate of 
MEKi mutations in CRC samples (2.2%), the 
MEKI mutation (D67N) having been previously 
characterized in ovarian cancer cells (discussed in 
the following section) [77]. 

Ovarian cancer 

In low grade serous ovarian carcinomas, BRAF mu- 
tations are present in 28—37% of cases [85]. 
Mutational analysis of 15 ovarian cancer cell lines 
identified a MEKi mutation in one of these lines, 
ES-2, while no mutations were found in MEK2 [86] . 



The novel MEKI mutation, D67N (Figure 1, green 
hash mark), was demonstrated to be constitutively 
active based on increased ERK phosphorylation fol- 
lowing transient transfection of 293T cells [86]. 

Cancer types that lack somatic MEK 
mutations 

There are many tumor types where MEK mutations 
have yet to be identified. These types include thyroid 
cancer [77], breast cancer [84, 87], gliomas [88] and 
testicular cancer [89]. Interestingly, the majority of 
these cancer types has a low rate of RAS/ BRAF 
mutations [76, 89—91]. The exception to this group 
is thyroid cancer, where up to 70% of the papillary 
thyroid cancer cases have BRAF V600E [92, 93]. 
This may seem surprising, as one would expect a 
low frequency of MEKI mutations in cancers that 
have a high prevalence of RAS /BRAF mutations, 
due to the redundant nature of MAPK signaling ac- 
tivation from RAS/ BRAF and MEK mutations. 
However, it appears that cancer types with frequent 
RAS/BRAF mutations also harbor a low frequency 
of MEK mutations as well (melanoma, colon and 
lung), while those that have rare RAS/BRAF also 
appear to not contain MEK mutations (breast, gli- 
oma and testicular) . It is unclear whether MEKI and 
MEK2 mutations occur at such as low rate that 
more samples require screening, or if they simply 
do not occur in these cancer types. 

A mechanism for BRAF inhibitor 
resistance 

Due to the high frequency of BRAF V600E muta- 
tions in multiple cancer types, selective BRAF 
inhibitors have been developed as a therapeutic strat- 
egy for patients with cancers harboring the V600E 
mutation. These inhibitors, vemurafenib and dabre- 
fenib, showed promising results in phase 1 trials, but 
the responses were short-lived due to the develop- 
ment of resistance to these therapies [94, 95]. 
Although the mechanism of resistance to BRAF in- 
hibitors is still unclear, many potential mechanisms 
have been suggested. These include activation of re- 
ceptor tyrosine kinases such as insulin-like growth 
factor receptor 1 and platelet-derived growth factor 
receptor (reviewed in [94]) and epidermal growth 
factor receptor (EGFR) [96], NRAS up-regulation 
[97], and elevated CRAF levels [98]. 

A more recent alternative has been the acquisition 
of MEKI mutations as a mechanism for BRAF in- 
hibitor resistance. Mutagenesis screens of BRAF 
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V600E containing cell lines identified constitutively 
active MEK1 mutations that conferred resistance to 
either MEK or BRAF inhibitors [99, 100]. More 
importantly, a screen of tumors from relapsed 
patients identified MEK1 mutations that conferred 
resistance to BRAF inhibition, as well as to MEK 
inhibitors [99]. Furthermore, an activating MEK1 
C121S somatic mutation was identified in the mel- 
anoma sample that was resistant to the BRAF inhibi- 
tor PLX4032 [100]. This mutation was not found in 
the pretreated tumor, suggesting that acquisition of 
this MEK1 activating mutation is a possible mechan- 
ism for BRAF inhibitor resistance. 

Genomic variation in MEK1 and MEK2 

In the preceding discussion, we described genomic 
variants of MEK1 and MEK2 that were identified 
because they changed MEK activity, creating a 
developmental syndrome or providing a selective 
growth advantage. However, the human genome is 
riddled with single nucleotide polymorphisms that 
may or may not alter protein activity. Neither 
MEK is an exception in this regard. Publicly avail- 
able data in dbSNP [101] and Ensembl lists 29 iden- 
tified synonymous single nucleotide polymorphisms 
present in MEK1, as well as 10 nonsynonymous 
SNPs. In addition to this, more than 40 intronic 
SNPs have been identified for this gene. Similarly, 
for MEK2 the dbSNP and Ensembl databases list 36 
identified synonymous single-nucleotide poly- 
morphisms as well as 19 nonsynonymous SNPs. 
Remarkably, more than 207 intronic SNPs have 
been identified for this gene. Notably, many of 
these nonsynonymous SNPs map to functional 
regions of MEK1 and MEK2, indicating they may 
have phenotypic consequences (Figure 1, blue hash 
marks). These consequences may be severe as seen in 
CFC and related developmental syndromes. 
Alternatively, it is possible these polymorphisms 
have subtle effects that influence other traits linked 
to MEK activity. 

SUMMARY 

In this review article, we have discussed recent 
advances in the genomic study of MEK1 and 
MEK2, relating them to what is currently under- 
stood about the structure and function of MEKs, 
and describing how they have changed our under- 
standing of the role of MEKs in development and 
disease. One of the more intriguing discoveries 



arising from sequencing studies such as the 1000 
Genomes Project Consortium [102] and the 
Cancer Genome Atlas is the remarkable extent of 
genetic variation seen across the genome. This has 
led to a growing awareness that the extent of gen- 
omic variation associated with MEKs is much greater 
than initially had been appreciated. These studies are 
in their infancy so we may expect to add to the list of 
genomic variants in the next few years. The more 
complicated task that lies ahead is to decipher how 
this variation impacts cell and body function. 
Diseases such as CFC illustrate how these SNPs 
can influence development in profound and unex- 
pected ways. Fortunately, these diseases are rare. The 
functional consequences of the mutations may be 
elucidated using protein or cell-based studies but 
transgenic or knock-in mouse models must be 
developed to guage their phenotypic consequences. 

It is curious that the genomic variants cluster in 
functional regions in which we previously have 
identified mutations contributing to developmental 
syndromes or cancer progression (Figure 1). This is 
not coincidental. Although these clusters of muta- 
tions are separated in a linear representation of 
MEK1, when mapped on to a three-dimensional 
(3D) model of MEK1 they are brought closer to- 
gether, forming a mutational hot-spot that is prox- 
imal to the NRR and the ATP-binding site and thus 
is well positioned to influence catalytic activity 
(Figure 2). We know the mutations associated with 
developmental syndromes cause a modest activation 
of MEK activity compared with activating mutations 
in the activation segment. This may be the key to 
why they are tolerated during development. Their 
hyperactivity may be tampered down by compensa- 
tory mechanisms that prevent unrestrained prolifer- 
ation or neoplasia. The same explanation may be 
applied to non-syndromic germline SNPs. But why 
are related mutations observed in cancer and why are 
they more commonly observed in MEK1 whereas 
germline variants are more common in MEK2? To 
explain this, we propose MEK1 and MEK2 are dif- 
ferentially regulated. If MEK1 is subject to a lesser 
degree of feedback regulation it may be less tolerant 
of syndromic mutations during development and 
better capable of driving proliferation in cancer. In 
contrast, the ability to compensate for MEK2 activa- 
tion would be an advantage during development but 
a disadvantage when trying to drive tumorigenesis or 
evade therapies targeting upstream activators. For ex- 
ample, it is possible that while the effects of MEK2 
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Figure 2: A 3D model of MEK I showing a mutational 
hot spot. A 3D X-ray model of residues 35-382 of 
MEK I in a binary complex with ADP and Mg 2+ [29] 
rendered in worms with Cn3D software was used to 
map the locations of syndromic and cancer-related mu- 
tations as well as germline variants. The model is ori- 
ented with the small amino-terminal catalytic lobe 
colored pink at the top and the large catalytic lobe in 
blue at the bottom. ADP and Mg 2+ are shown in the 
cleft between the two lobes. The amino terminus is 
represented on the left in grey. Mutated residues are 
indicated in yellow. 

mutations are mitigated by negative feedback 
through heterodimerization with MEK1, activating 
MEK1 mutations cannot be repressed in a similar 
manner. Alternatively, other studies support differ- 
ential roles of MEK1 and MEK2. For example, 
Scholl et al, [103] recently demonstrated that 
MEK1 but not MEK2 is required for DMBA/ 
TPA-induced benign epidermal papilloma forma- 
tion. On the other hand, Voisin et al. [104] have 
shown that shRNA-mediated MEK2 knockdown 
has much stronger inhibitory effect on colon 
cancer cell proliferation than MEK1 knockdown 
does, leading them to conclude that MEK2 is more 
important for colon cancer cell proliferation than 
MEK1. Similarly, our lab has shown MEK2 is suffi- 
cient for melanoma cell proliferation, but MEK1 is 
not [105]. Whatever the answer may be, it is clear 
that new insight into MEK genomics has changed 
our understanding of the role of MEKs in develop- 
ment and disease. 



Key Points 

• The mitogen-activated protein kinase kinases and their down- 
stream substrates, the extracellular signal-regulated kinases, 
play central roles in diverse biologic processes. 

• Functionally, both MEK I and MEK2 may be divided into several 
regulatory regions incorporating specific elements that distin- 
guish these kinases and influence their interactions with other 
proteins. 

• Initial insight into the central role of MEK in cell proliferation and 
tumorigenesis has come from the in vitro analysis of engineered 
mutations to MEK. 

• Although germline MEK mutations are associated with the devel- 
opmental syndrome CFC syndrome, somatic MEK mutations 
have been identified in a limited number of tumors as well as in 
chemotherapy-resistant tumors. 

• The unequal distribution of syndrome and cancer-associated 
mutations indicates MEK I and MEK 2 are differentially regulated. 
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